ABSTRACT
INTRODUCTION
In the last years, research has been searching for alternative fuels to crude oil such as biodiesel, since it is a renewable source and it promotes lower impact on the environment. In addition, it is well-known that the sources of fossil fuels are limited and their future exhaustion has been forecasted (Siqueira, 2011) .
Jatropha beans (Jatropha curcas L.) are among the plants with high potential for biodiesel production. According to Santos et al. (2009) , the oil produced from jatropha beans has all necessary qualities to be transformed into diesel oil. The authors also emphasize the wide geographical distribution of the plant, since jatropha can adapt to very variable edaphoclimatic conditions due to its rusticity, resistance to lengthy droughts and to pests and diseases. However, such as in any other plant species, the genetic material and the technological level adopted in the crop are extremely important for a satisfactory yield.
Most of the jatropha cultivation is still accomplished in small farms in which the harvest, drying and storage processes are accomplished with reduced technological inputs. With the arrival of the biodiesel, however, new technologies should be adopted to attend the needs of the wide-scale production (Santos et al., 2009) . Thus, the knowledge on the behavior of the physical properties of jatropha beans are important for development of the machinery used at the harvest and post-harvest stages.
Among the post-harvest stages, the drying is highly important because it is directly related to final quality of the product. Drying aims to the reduction in the moisture content to safe levels, while hindering and/or inhibiting the growth of the microorganisms, as reducing both the proliferation of insects and the metabolic activity of the beans. During drying, besides changes in their mass, the beans also undergo changes in their shape and size. Considering that the extraction of the jatropha oil is carried out after drying, the knowledge on the bean physical behavior along the drying process is crucial (Siqueira, 2011; Siqueira et al., 2012) .
According to Resende et al. (2005) , the reduced moisture content in beans besides provoking their shrinkage also directly affects their physical properties during the drying process. The physical properties of the physic nut fruit are essential for designing the equipment to be used in harvest, drying, cleaning, classification, peeling and storage (Pradhan et al., 2009) . According to Silva (2008) , the knowledge on the physical properties of the agricultural products is also extremely important for adaptation of the available equipment in order to obtain higher return in the processing operations.
These data are used in dimensioning both size and shape of the beans sieves in equipment destined to the separation and classification (Silva, 2008) . According to Sirisomboon et al. (2007) , the size (superficial area, projected area and volume) and shape (roundness, sphericity) of fruits, nuts and seeds are important for the peeling process of these products. These data could be used to determine the inferior limit of the transporter size, such as matting, chain bucket and helical transporter. The superficial area and the surface/volume ratio affect the resistance to passage of the air flow through the material layer, thus information on these variables is important for the best description of the drying process.
Taking into account the advantages of the biodiesel production, the importance of the drying process and its influence on the bean physical properties, the main objectives of the present study were: to evaluate both shape and size of jatropha beans, based on its roundness, sphericity, volume, superficial area, projected area and the surface/volume ratio along the drying process under different air conditions.
MATERIAL AND METHODS
The experiment was carried out at the IF Post-Harvest Laboratory (Instituto Federal de Educação, Ciência e Tecnologia Goiano -Campus Rio Verde -GO, Brazil). Jatropha beans with moisture content of 0.61 (decimal d.b.) were used in the experiment. The beans were subjected to drying in oven with forced air ventilation at six temperatures: 36, 45, 60, 75, 90 and 105 °C and relative humidity of 31.7; 19.6; 9.4; 4.8; 2.6 and 1.5%, respectively, until reaching the moisture content (MC) of 0.11 ± 0.006 (decimal d.b.) determined in oven at 105 ± 1 °C during 24 h, with three replicates (Brasil, 2009) .
For the trial it was used 20 jatropha beans samples individualized in labelled aluminum perforated capsules. At each 15 minutes interval, the beans were measured at three positions (length, width and thickness), by using a digital caliper with 0.01 mm resolution. The reduction in the moisture content was determined by weighing three trays with 300 g of beans kept under the same drying conditions to which the initial 20 beans were subjected.
The shape of the jatropha beans considered as spheroid was obtained through sphericity and roundness measures according to the characteristic dimensions expressed by the orthogonal axes ( Figure 1 ).
The sphericity (E s ) was determined according to the following equation (Mohsenin, 1986) : (1) Rev. Ceres, Viçosa, v. 60, n.6, p. 820-825, nov/dez, 2013 where, a: longest axis of the bean, mm; b: medium axis of the bean, mm; c: shortest axis of the bean, mm.
The roundness (C) of the jatropha beans at natural flat position was obtained by using the equation proposed by Mohsenin (1986) , as follows: (2) The superficial area (S), in mm 2 , was calculated by analogy to a sphere with the same average geometric diameter, by using the following equation (TundeAkinntunde & Akintunde, 2004) :
According to Mohsenin (1986) : (4) were: D g : average geometric diameter, mm.
The projected area (A p ), in mm 2 , of the jatropha beans were determined by using the following equation :
Each bean volume (V g ) in mm was obtained along the drying process, according to the equation proposed by Mohsenin (1986) : (6) The surface-volume relationship (SV) was calculated by the following equation:
The data were analyzed using the variance and regression analysis and the models were selected according to the determination coefficient and the significance of the equation by the F-test was considered at 1% probability level.
RESULTS AND DISCUSSION
The time necessary for the jatropha beans to reach the moisture content of 0.11 ± 0.006 (decimal d.b.) were 1.5; 2.25; 3.0; 4.75; 6.75 and 12.0 h for the drying temperatures of 105, 90, 75, 60, 45 and 36 °C , respectively (Figure 2) . Thus, the increase in temperature promoted the reduction in the drying time of the jatropha beans, therefore evidencing the increase in the drying rate, which was already observed by other researchers for a number of agricultural products (Lahsasni et al., 2004; Mohapatra & Rao, 2005; Resende et al., 2008; Sirisomboon & Kitchaiya, 2009; Resende et al., 2010) .
During the drying process, the sphericity noticeably increased and was followed by slight reduction for temperatures of 105, 90, 75, 60 and 45 °C (Figure 3) . When evaluating the sphericity of the wheat kernels during the drying process, Corrêa et al. (2006) observed a similar behavior. However, the beans subjected to drying at 36°C presented reduced sphericity, probably due to low rate of the moisture removal under this drying condition.
Also the sphericity of the jatropha beans ranges between 66 and 68% (Figure 3) . Similar results were reported by Santos et al. (2009) , where jatropha beans with moisture content of 8.73 ± 0.099% (w.b.) showed 65% Rev. Ceres, Viçosa, v. 60, n.6, p. 820-825, nov/dez, 2013 sphericity, and Garnayak et al. (2008) who found the sphericity of jatropha beans to be 66 to 67% for the moisture content ranging from 4.75 to 19.57% (w.b.).
The contraction of the medium-length axis relative to the longest axis was not directly proportional along the reduction of the bean moisture content, except for 36 o C at which a slight decrease of the roundness occurred (Figure 4). So, at drying temperatures of 105, 90, 75, 60, and 45°C , the contraction of the longest axis was lower relative to the medium axis. Similar results were observed by Resende et al. (2005) , when studying the roundness of the red bean during drying. Since the drying of the beans at 36 °C occurred slowly (12 h), this promoted a contraction proportional to the medium axis relative to the longest axis, as explaining its inverse behavior relative to other drying temperatures. Nóbrega et al. (2001) proposed a classification for castor-oil beans relative to their shape, as a function of the ratio between length and width. According to this ratio, the beans can be considered as long when this ratio is higher than 1.2; roundish, when this ratio ranges between 0.8 and 1.2; and flattened, when this ratio is lower than 0.8. Thus, the jatropha beans might be classified as long, since they presented the length/wideness ratio above 1.58 for all temperatures and all moisture contents under analysis.
The reduction of the moisture content from 0.61 to 0.11 ± 0.006 (decimal d.b.), a decrease of 111.54; 139.47; 128.23; 137.68; 148.06; and 139 .98 occurred relative to initial volume, for the temperatures 105, 90, 75, 60, 45 and 36 °C, respectively ( Figure 5 ). For higher temperatures (105, 90, and 75 °C), the reduction in the volume was lower, mainly for beans subjected to drying at 105 °C. At this temperature, a high rate of moisture removal occurred, causing the hardening of the tegument, which could hamper the contraction of the beans and consequently reduce its volume at lower intensity. At lower temperatures (60, 45 and 36 °C), the reduction in the initial volume was higher, since the water was more slowly removed and the beans constricted the orthogonal axes according to reduction of the moisture content.
The superficial area of the jatropha beans diminished when the moisture content was reduced (Figure 6 ). The variation of the superficial area of the jatropha beans as a function of the drying temperature showed the same behavior of the volume. Therefore, the superficial area of the jatropha beans was affected by the drying air temperature and was directly related with both volume and content of the water. Karababa (2006) verified a 40.16% decrease in the superficial area of popcorn kernels with reduction in the moisture content from 17.12 to 8.95 (% w.b.). Goneli et al. (2008) observed a decrease around 23 mm 2 with the reduction in the moisture content from 0.55 to 0.09 (decimal d.b.) in seeds of castor bean, which is a plant belonging to the same family of the physic nut.
The superficial area of the jatropha beans ranged between 479.6 and 419.1 mm 2 ( Figure 6 ). These values are lower than those obtained by Santos et al. (2009) Rev. Ceres, Viçosa, v. 60, n.6, p. 820-825, nov/dez, 2013 beans and the management adopted during the periods before and/or after harvest.
The projected area (mm 2 ) of the jatropha beans decreased with the reduction in the moisture content, presenting the values 12. 07; 15.86; 15.54; 15.50; 16.75; and 15 .77 mm 2 relative to the initial projected area, for temperatures of 105, 90, 75, 60, 45, and 36 °C, respectively (Figure 7) . It was observed that the drying at 105 °C promoted lower reduction in the initial projected area; such behavior is similar to that observed for the variable volume. When evaluating the projected area of castor-oil fruits submitted to drying at 40 °C temperature, Goneli et al. (2008) observed an approximate variation from 391 to 259 mm 2 , with the moisture content reduction from 2.5 to 0.13 (decimal d.b.) . The reduction in the projected area as a function of the reduction in the moisture content has also been observed for other grains (Aydin, 2007; Dursun et al., 2007; Yalçin et al., 2007) . The reduction in the moisture content increased the surface/volume ratio, under the six conditions analyzed (Figure 8 ). According to Farinha (2008) , if only physical factors were involved, the water loss rate was proportional to the surface/volume ratio and supposing the product shape to be constant, the volume/surface ratio increased with the reduction in the size. The models presented high significance level by the F-test, as well as high determination coefficient (R 2 ), superior to 93%, except for the surface/volume ratio at 45 °C (Table 1) . Thus, the models satisfactorily described the behavior of the variables analyzed as a function of the moisture content. The adjustment of the linear models to the same physical properties have also been reported in other studies (Baryeh, 2002; Nimkar et al., 2005; Karababa, 2006; Garnayak et al., 2008; Pradhan et al., 2009) . However, the models were not significant for both sphericity and roundness of the jatropha beans along drying. Rev. Ceres, Viçosa, v. 60, n.6, p. 820-825, nov/dez, 2013
CONCLUSIONS
The reduction of moisture content promotes a small change in roundness and sphericity of jatropha beans. The increase or decrease changes are related to the drying temperature.
The volume, projected area and surface area linearly reduce with the drying process regardless of the temperature used.
The reduction of moisture content linearly increases the surface / volume ratio of jatropha beans in all drying conditions.
